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Abstract.
The response of ring current intensi�cation to three magnetic storms sampled at dawn,
midnight, and dusk is investigated. We use a comprehensive set of data from the CRRES
satellite, using plasma, energetic particle (ion composition), electric �eld, and magnetic �eld
data, which is ideal for investigating the interrelationship between the ring current strength
as measured by Dst, the particle (current carriers) in the outer radiation belt, their e�ects
on the global magnetic �eld, and the convection e�ects caused by large dawn-dusk electric
�elds. This yields a comprehensive and self-consistent picture of storm time radiation
belt formation based entirely on data. At all local times investigated strong, stretching
(attening) of the magnetic �eld down to L < 4 is observed during the storm main phase,
showing that this �eld line stretching is not limited to midnight. Ring current ions above
100 keV are shown to form a partial ring current during the main phase as they are only
sampled at dawn during the recovery phase when the electric �eld vanishes. Comparing
this feature to Kp-dependent models of the proton Alfv�en layer shows that dawn is only
accessible to these ions after the main phase. Ionospheric origin ions (O+) follow dynamics
very similar to those of H+, indicating a source in the plasma sheet. Solar wind ions
(He++) are controlled by their solar wind source and have immediate access during the
main phase. He+, which is generated in the ionosphere as well by charge exchange, has
behavior similar to that of as O+ and H+. In contrast to the current view, plasma sheet
ions in the energy range from 5 to 28 keV contribute signi�cantly in the energy density of
the ring current during the storm main phase.

1. Introduction

Magnetic storms, the ring current, and their e�ects
as measured on the ground through the Dst index are
amongst the oldest topics in magnetospheric physics.
Dst, in particular, is widely and sometimes indiscrimi-
nately used as an input parameter to models or a sorting
parameter for statistical studies; this often ignores the
fact that at best such a global index provides an average
indication of the ring current dynamics.

We show here in detail the relation between the Dst
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index and in situ measurements of both the particle
and �eld measurements that contribute to this index.
Having assembled a comprehensive set of particle and
�eld measurements for the CRRES mission allows us
to present \the full picture" of ring current formation
during storm times, based entirely on data.

As it is impossible to cover all local times and radii
with a single spacecraft, we present here three storms
measured at three di�erent local times of the CRRES
apogee. In this way we can highlight the di�erences and
commonalities of the storm time dynamics observed at
various points in the magnetosphere. We cannot cover
dayside magnetic storms as the CRRES mission termi-
nated before apogee reached noon.

The concept of two di�erent storm time ring cur-
rent systems, a symmetric one and an asymmetric one,
has been accepted for some time [Kawasaki and Aka-

sofu, 1971]. This topic has been revisited in detail from
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a ground-based magnetic �eld measurements point of
view by Grafe [1999], who concludes that even in quiet
times there is no such thing as a \symmetric" ring cur-
rent, that in fact it is always \weakly asymmetric".
This asymmetry increases during storms and recovers
rather fast to its weakly asymmetric quiet time state.
Grafe also demonstrated that the degree of asymmetry
reached during storms depends on how powerful the
storm is. While we do not have the statistical cover-
age here to corroborate an always \weakly asymmet-
ric" ring current, we can demonstrate from a particle
point of view that storm time asymmetries exist, and
we can also show where they exist. Using the concept
of Alf�ven layers allows us at least to explain the storm
time asymmetries observed by Grafe solely on the basis
of inner magnetospheric access considerations for ring
current ions. Dst is supposed to be corrected for any
asymmetric components. We can show here in the data
which ions have access to the dawnside during the storm
main phase, demonstrating that a partial ring current
exists during this phase, which is not reected in Dst.
While this is a feature that has been expected by many
authors, we can here demonstrate it conclusively with
data.

In order to address the role of minor species ions in
the formation and decay of the ring current, we use
ion composition measurements. Ionospheric oxygen, in
particular, has received much attention as a possible
major contributor to the ring current density at storm
onset [Daglis , 1997], although the exact access mecha-
nism for these ions remains unclear. We present evi-
dence here that this source lies primarily in the plasma
sheet, however, we do not speculate on how these ions
are extracted from the ionosphere in the �rst place.

We do not investigate the role of substorms as a con-
tribution to the ring current in this paper, even though
substorms were present during the onset and recovery
phase of all three storms presented here. This topic has
been addressed by Korth et al. [1998]. We concentrate
here on the role of ion species and the access that ions
have to various parts of the inner magnetosphere during
storms. The remainder of this paper is organized in the
following way: Section 2 describes briey the CRRES
mission and the instrumentation used. Section 3 gives
a common description of the data plots used for each
storm before dealing with each storm in detail. The dis-
cussion of the results follows in sections 4 and 5, dealing
with the magnetospheric access and storm composition
issues.

2. Mission and Instrumentation

This investigation uses particle, electric, and mag-
netic �eld measurements from the Combined Release
and Radiation E�ects Satellite (CRRES), which had
an elliptical, 18:1o inclination orbit with a period of 9
hours 52 min. CRRES covered the regions up to L = 8,
giving an L pro�le twice an orbit, at magnetic latitudes
mostly within 20o of the magnetic equator. The or-
bit apogee precessed from the prenoon sector at launch
(August 1990) to the early dusk sector at the end of the
mission (October 1991).

On CRRES the Medium Electrons B spectrometer
(MEB) [Korth et al., 1992] covers electrons from 21
to 285 keV and total ions (no composition) from 37
keV to 3.2 MeV. The Magnetospheric Ion Composition
Spectrometer (MICS) [Wilken et al., 1992] measures the
mass, energy, and the charge of particles with energies
of 1- 430 keV per charge. The Low Energy Plasma An-
alyzer (LEPA) [Hardy et al., 1993] covers electrons and
ions (no composition) in either the energy range 120 eV
to 20 keV or 160 eV to 28 keV. The electric �eld probe
[Wygant et al., 1992] consists of two pairs of orthogonal
sensors with tip-to-tip separations of � 100 m in the
spin plane of the spacecraft. The sensitivity is better
than 0.1mV=m and the dynamic range is of the order of
1000mV=m. The uxgate magnetometer [Singer et al.,
1992] instrument is located on a 6.1 m boom. Mag-
netic �eld data are presented in the V DH coordinate
system, where H is anti-parallel to the magnetic dipole
axis, V is radially outward in the magnetic equatorial
plane, and D is eastward, completing the orthogonal
right-handed coordinate system.

3. Observations

The data presented in this paper are L-sorted plots
versus time of the type used by Friedel and Korth [1995]
and Korth and Friedel [1997]. For each half orbit (4
hours 55 min) the data are averaged over bins 0.2 L wide
which correspond to one vertical stripe in the plots.
L values are from the Olson-P�tzer 1977 quiet model,
which is tilt-dependent and �ts quiet conditions (Kp
= 0{1) [Olson and P�tzer , 1977]. The model is valid
from 2.5 to 15 RE . This model was shown to provide
the best overall �t to the CRRES magnetic �eld data
[Jordan et al., 1992].

In Plates 1 { 3 the plots are numbered from top. We
explain here each plot in turn:

Plots 1 and 2 show data from the magnetic �eld in-
strument. We subtract the Olson-P�tzer 1977 quiet
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model from the measured parameters so that the dif-
ference between the disturbed and quiet conditions can
be seen. Plot 1 gives the angle between the magnetic H
and V components and is a measure of the stretching
of the �eld lines compared to the dipole �eld. Positive
(yellow to red) values indicate a stretched �eld topogra-
phy. Plot 2 gives the residual magnetic �eld H compo-
nent, which for near-equatorial orbits responds directly
to equatorial current systems such as the ring current.
Negative values (light blue to dark blue) give an indica-
tion of the depression of the H component due to local
current systems including the partial or symmetric ring
current.
Deviations from the model �eld are also a direct indi-
cator of the �delity of the L values used. In the plots
presented here a static L value from the quiet �eld was
used. During disturbed (stretched) times as indicated in
plots 1 and 2, the model overestimatesL, as the satellite
actually sits on lower, stretched �eld lines. The amount
of error increases with L and with the \depth" to which
�eld line stretching penetrates. This e�ect makes label-
ing the data by L somewhat unreliable during the onset
phase of a storm. Typically, stretching is seen at higher
L during the recovery phase (near geostationary orbit),
and the L values near the peak of the ring current are
not a�ected.

Plot 3 represents one channel from the spherical
or cylindrical probe of the electric �eld instrument.
It shows the variation of the dawn-dusk (Ey) electric
�eld component in a frame of reference corotating with
the Earth. The data here have been corrected for
the spacecraft motion and the corotation speed of the
Earth and thus represent the residual dawn/dusk �eld
only [Wygant et al., 1998]. Short-lived, localized en-
hancements are mainly due to local transient electric
�elds caused by substorms, while the more contigu-
ous, longer-duration enhancements are associated with
global, storm time dawn-dusk �elds caused by enhanced
convection.

Plots 4 { 11 display the variation of the energy den-
sity of the ion species O+, He++, He+, and H+, respec-
tively, as measured from the ion composition spectrom-
eter MICS. For each species the data are integrated over
two similar energy ranges. These ranges have been cho-
sen to demonstrate the di�erence in storm time behav-
ior of these populations in terms of global inner mag-
netospheric access. Both ranges taken together are rep-
resentative of the main part of the ring current density
(� 30 to 160 keV), and are used here to show the rel-
ative importance of ion composition in contributing to
the ring current.

Plot 12 shows the variation of the energy density
of all ions as determined from the LEPA instrument
over an integrated energy range of � 5 to 30 keV. This
indicates the contribution of plasma sheet particles to
the ring current.

Plot 13 shows the Dst index as a measure of the
ring current during magnetic storms. In magnetic storm
we commonly identify three phases: the initial phase,
the main phase, and the recovery phase. These phases
can be identi�ed using the Dst index. During the ini-
tial phase, the interplanetary magnetic �eld (IMF) is
northward, and the horizontal magnetic �eld compo-
nent increases owing to a compression and distortion of
the dayside magnetosphere (enhanced solar wind pres-
sure). This can last several hours but is not a feature
of all storms. During the main phase strong earthward
convection exists, the ring current grows, and the hor-
izontal magnetic �eld component decreases. The IMF
is usually southward. Finally, in the recovery phase the
IMF weakens or turns northward, and the ring current
stops growing. The horizontal magnetic �eld compo-
nent increases slowly while the ring current ions decay.
This recovery can take several days. The black vertical
dashed lines in Plates 1{3 mark the beginning of the
activity while the solid lines mark the start of the re-
covery phase. The dashed horizontal lines indicate zero
Dst.

Care needs to be taken in the interpretation of these
overview-type �gures. Individual vertical stripes in
Plates 1{3 represent data from one CRRES half orbit,
and are assigned a time corresponding to the middle
time for that half orbit. Timing accuracy is inherently
limited to 4 hours 55 min. As there is a further di-
rectional bias, as each stripe represents data from an
inbound or outbound pass, features at a given L value
can be \missed" and only show up in the next stripe.

3.1. Dawnside Magnetic Storm (October 9{10,
1990)

An isolated storm, which occurred when CRRES
apogee was near 0500 magnetic local time (MLT), with
a minimum Dst value of -133 nT, is shown in Plate 1
over a time period of 9 days. The (Bz, �T ) trigger of
-8.7 nT for � 10 hours (data were taken from IMP 8
and are not shown) indicates an intense storm [Gonza-
lez et al., 1994]. Northward turning of Bz (vertical solid
line) initiates the recovery phase.

With the beginning of the main phase of the storm
a stretching of the magnetic �eld (plot 1) is observed.
The stretching is propagating to lower L values and
reaches in this event L = 4 { 4.5 at the end of the
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Plate 1. Data for the dawn storm. See text for details.
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main phase. At the same time the H component is re-
duced in magnitude at all L ranges (plot 2), which is in-
dicative of an increased equatorial ring current. During
the storm main phase a large electric �eld component
Ey is present at CRRES and can be seen to penetrate
deeper and deeper into the magnetosphere on subse-
quent half orbits (plot 3). The maximum �eld strength
down to L = 3 is reached at the end of the main phase.
These measurements are local and indicate the dawn-
dusk component of the electric �eld at CRRES only,
and these measurementsare are thus only a proxy for
the large-scale convection electric �elds existing farther
down tail. The ring current during the main phase is
due to plasma sheet ions (plot 12) only, as the normal
ring current energies shown in plots 10 and 11 are not
present yet at this time. Plot 12 shows all ions inde-
pendent of species, whereas the later arrival of higher-
energy ions is also seen by O+ (plots 4 and 5) and He+

(plots 8 and 9). The break in the energy range used be-
tween the higher-ion-energy plots and plot 12 was cho-
sen to demonstrate this feature. A full explanation of
this energy-dependent access of ions is given in section
4. Ionospheric ions (O+ and He+) have a response very
similar to that of protons, while He++ ions which are
of solar wind origin not only appear during the main
phase but also have their highest intensity in the re-
covery phase 1 RE farther out compared to the other
ion species. The ion composition is further examined in
section 5.

The beginning of the recovery phase is clearly marked
by the turning o� of the electric �eld, which stops the
access of fresh plasma sheet ions. These ions have
reached their lowest L at this point. This also now al-
lows the more energetic ring current ions to have access
to the morningside and to establish complete drift orbits
(see section 4). The stretched and depressed magnetic
�eld also starts recovering with recovery fastest at low
L. The position of the maximum depressed �eld is also
a good indicator of the ring current position and agrees
well with the position of the maximum energy density
of the ring current ions during the recovery phase. The
\sudden" access of energetic ring current ions to the
morningside in the recovery phase is due to the sam-
pling by CRRES, which sees the particles \appearing"
at a large L range during one half orbit, unable to re-
solve any timing information below 5 hours.

3.2. Midnight Magnetic Storm (February
02{03, 1991)

A second magnetic storm occurring when CRRES
apogee was near 2330 MLT (Plate 2) is shown over a

time period of 9 days. The minimum Dst is -78 nT.
The (Bz, �T ) trigger of -10 nT for � 3 hours (data
were taken from IMP 8 and are not shown) indicates
a moderate storm [Gonzalez et al., 1994]. Northward
turning of Bz (vertical solid line) initiates the recovery
phase.

This storm exhibits some ring current enhancement
prior to the onset of the main phase. A small dawn-
dusk electric �eld is observed, the �eld is stretched be-
yond L = 5:5, and the magnetic �eld H component is
depressed. Particles of all species are convected to L
values beyond L = 5 except high-energy O+ (above 113
keV).

With the beginning of the main phase an enhanced
dawn-dusk electric �eld is observed, the magnetic �eld
is stretched to lower L values, the Hcomponent is de-
pressed further, and the particles intensify immediately
and are brought to lower L values. In the recovery
phase of the storm there is a general decay of particles.
Lower energies decay faster, and their maximum moves
to larger L. Ring current particles of H+, He+, and O+

above 100 keV are fairly stable and decay much more
slowly. Their maximum is at L = 4:5 whereas the max-
imum of He++ is � 1 RE farther out. In comparison
to the magnetic storm on the dawnside of the magneto-
sphere we notice that CRRES sees at midnight the full
convection paths of the ring current ions of all species
and an intensi�cation right at the onset of the storm
(see section 4 for details).

3.3. Duskside Magnetic Storm (July 09{10,
1991)

Two further magnetic storms occurring when CRRES
apogee was near 1730 MLT (Plate 3) are displayed over
a time period of 13 days. For the interpretation we
will use the �rst magnetic storm on July 09{10, 1991.
The minimum Dst is -194 nT. During the second storm
(Dst = �183 nT) the spacecraft was at higher geomag-
netic latitude and spent quite some time during the
storm main phase in the lobes of the magnetosphere.
Therefore the ring current data are more diÆcult to
interpret.

The (Bz, �T ) trigger stayed negative for � 11 hours
with a minimum Bz value of about -40 nT (data were
taken from IMP 8 and are not shown) and indicates
an intense storm [Gonzalez et al., 1994]. Northward
turning of Bz (vertical solid line) initiates the recovery
phase.

Magnetic �eld data in plot 1 and 2 are contaminated
by bad data before and during the main phase of the
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Plate 2. Data for the midnight storm. See text for details.
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Plate 3. Data for the dusk storm. See text for details.
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�rst storm. However, a clear stretching of the magnetic
�eld is observed during the recovery phase of the storm.
During this July 1991 storm, which is the strongest of
the three storms examined here, the dawn-dusk elec-
tric �eld not only penetrates to low L values during the
main phase but is stronger between L = 2:7 and L = 6:0
(up to 4 mV=m) than it is at higher L values. This is
a robust feature of the radial structure of the electric
�eld during the stongest magnetic storms observed dur-
ing the CRRES mission [Wygant et al., 1998; Rowland
and Wygant , 1998]. This suggests that a major portion
of the convection electric �eld has migrated to the in-
ner magnetosphere during these times. In the recovery
phase a weak electric �eld is observed for a few days.

Low-energy ions (5 { 28 keV) as well as energetic
ions (30 { 157 keV) in plots 4 { 12 are observed simul-
taneously at dusk with the beginning of the storm main
phase (see section 4 for details). This is also true for all
ion species. These ions are convected during the main
phase by the electric �eld from geosynchronous orbit to
as low as L = 2:5. In the storm recovery phase the ions
decay, and the ring current maximum is moving about
an Earth radius outward to L = 4:5.

4. Storm Proton Access at Di�erent

MLT

The previous three examples point out some marked
di�erences between the storm time response sampled
at dawn and that at midnight and dusk, mainly during
the storm main phase. The longer-term behavior shows
strong commonality at all local times:
1. Strong stretching of the magnetic �eld is observed
during onset and recovery, which is in good temporal
and spatial correlation with the main ring current pop-
ulation.
2. The storm main phase is marked by strong dawn-
dusk electric �elds which penetrate deep into the mag-
netosphere, and the start of recovery is clearly marked
by a turning o� of the electric �eld (northward turning
of the IMF BZ , not shown here).
3. Location and strength of the recovery phase radia-
tion belt correlate well with the ring current position
and �eld line stretching as measured by the magnetic
�eld data.

The di�erences in the storm main phase at dawn are
primarily the delayed access of > 30 keV ions; they only
appear with the beginning of the recovery phase. There
are several possibilities that could prevent access of ring
current ions to the dawnside during the main phase:
1. The �rst possibility is magnetopause shadowing

which is caused by a large compression of the magne-
topause down to low L, preventing particles from com-
pleting a full drift.
2. The second possibility are strong local loss processes.
At geosynchronous orbit the bulge of the plasmasphere
is seen once per day per satellite in the dusk sector of
local time [Borovsky et al., 1998]. During high geomag-
netic activity, plasmaspheric material is being stripped
o� of the outer plasmasphere and removed from the
magnetosphere at the dayside magnetopause. MHD cal-
culations of the equatorial cross section of the plasma-
sphere [Kurita and Hayakawa, 1985] during increasing
magnetic activity show narrow ow channels. Obser-
vations suggest that some cold plasma of the plasma-
sphere is indeed dragged along and carried out to the
magnetopause during periods of enhanced disturbance
activity [Grebowsky , 1971; Carpenter et al., 1993; Elphic
et al., 1996; Borovsky et al., 1998]. The hot ions or ring
current ions interact with the cold plasma. Strong cy-
clotron wave-particle interactions can occur in the ring
current region and can lead to strong pitch angle di�u-
sion and highly localized precipitation of ions into the
ionosphere.
3. The third possibility is no drift path access. Dur-
ing the strong cross-tail electric �elds in the main phase
a substantial part of the source population of the ring
current (plasma sheet ions) is on open drift paths which
do not have access to dawn and only become trapped
in the recovery phase.

We have found here that our observations can be
adequately explained by possibility 3 above, in terms
of the Alfv�en Layer concept (trapping boundary). It
has long been understood that the basic mechanism of
trapping new populations into the ring current occurs
with the following steps [Williams , 1987]:
(1) Strong dawn-dusk electric �elds,
(2) enhanced convection,
(3) shrinking Alfv�en boundary,
(4) enhanced convection on open drift paths to lower L,
(5) electric �eld vanishes,
(6) Alfv�en boundary moves to higher L,
(7) previously open drift paths become trapped, and
(8) enhanced radiation belt population.

While the overall storm time features are well de-
scribed by the above procedure, the local time variation
has often been ignored or has not been comprehensively
measured such as was possible with CRRES. The shape
of the Alfv�en boundary is not symmetric and a function
of both the convection electric �eld strength and par-
ticle energy. The Alfv�en boundary results shown here
are taken from model calculations by Korth et al. [1999].
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CRRES Dusk Orbit

CRRES Dawn Orbit

Midnight
Orbit

CRRES

High Kp

Low Kp

Plate 4. The 5 keV proton (at L = 6:6) Alfv�en boundaries and convection paths for low Kp (low cross-tail electric
�eld) in blue and for high Kp (high cross-tail electric �eld) in red. Also shown are three representative CRRES
orbits for the storms observed at the di�erent MLTs in green and black dashed reference circles at 3 and 6 RE .

The calculations are for equatorially mirroring particles
in a dipole �eld. The electric �eld is a superposition of a
shielded cross tail and a corotational electric �eld. The
cross-tail electric �eld is parameterized by Kp using the
empirical relationship established byGussenhoven et al.

[1981, 1983].

In Plate 4 we show the Alfv�en boundary for 5 keV
protons, which is representative for the data in plot 12
of Plates 1{3. Representative CRRES orbits for the
dawn, midnight, and dusk storms are plotted in green.

We see that during the storm main phase (high Kp
and high cross-tail electric �eld) the trapped region in-
side the red Alfv�en boundary is very compressed. How-
ever, these lower-energy ions continue to have access to
the CRRES orbit at dawn from the enhanced sunward
convection across the dawnside, which for high Kp can
be below 3 RE as shown in Plate 4. So these particles
can reach CRRES orbits at the dawn side immediately
upon the beginning of the storm main phase and are

seen as soon as the enhanced electric �eld (plot 3, Plate
1) is observed at CRRES. At midnight and dusk these
particles have access by drifting around the duskside,
and are also seen immediately with the beginning of
the storm main phase.

During the recovery phase, as soon as the electric
�eld vanishes, the Alfv�en boundary moves out to the
curve shown in blue for low Kp in Plate 4. The whole
inner region up to � 5 RE ends up inside the Alfv�en
boundary for these energies, and that population be-
comes trapped. This can be clearly seen in plot 12 of
Plate 1, where the peak in the population is seen to be
near L = 4 (note that at these low L values L � RE).

We investigate the access for 30 keV protons in a
similar manner in Plate 5, which is analogous to Plate
4. This energy is representative for the data in plot 11
of Plates 1{3.

The Alfv�en boundaries for higher-energy particles
move farther out in general. In this case the asymmet-
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CRRES Dusk Orbit

CRRES Dawn Orbit

Midnight
Orbit

CRRES

High Kp

Low Kp

Plate 5. The 30 keV proton (at L = 6:6) Alfv�en boundaries and convection paths for low Kp (low cross-tail
electric �eld) in blue and for high Kp (high cross-tail electric �eld) in red. Also shown are three representative
CRRES orbits for the storms observed at the di�erent MLTs in green and black dashed reference circles at 3 and
6 RE .

ric shape of the Alfv�en boundaries is important. During
storm onset (high Kp and high cross-tail electric �eld)
these higher energies do not have access to the dawn-
side, because of the bulge in the Alfv�en boundaries at
0600 MLT, and most of the CRRES orbit lies within
previously closed drift paths. Newly convected parti-
cles from the tail do have access to as low as 4 RE on
both the midnight-side and dusk-side during this pe-
riod, and these particles can be seen there much earlier
than they can at dawn.

During the recovery phase, as soon as the cross-tail
electric �eld vanishes, the Alfv�en boundary moves out
to the curve shown in blue for low Kp in Plate 5. Now
the population which had been convecting around dusk
(red arrows) becomes trapped and has access to the

dawnside. Thus these energies only appear at the dawn
CRRES orbits at the beginning of the recovery phase.

In the above discussion we have ignored any dynamic
e�ects of the �lling or emptying of drift shells as they
become closed or open. Ring current ions take a �nite
time to occupy a new drift shell completely and also
take a �nite time to be lost from a drift shell once it is
no longer closed. These transit periods are of the order
of the particle drift period, which for the energy range
and L range under consideration ranges from around
30 { 200 min. This is much faster than the sampling
time of one-half CRRES orbit (5.5 hours) and cannot be
resolved in our data. On this long timescale, particles
and boundary always track each other.
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5. Storm Time Ion Composition

The main feature of the ionospheric origin ions (O+

and He+) is the strong similarity in the data when com-
pared to protons H+, which have their source in the
plasma sheet. As outlined in section 4, the dawnside de-
lay in the appearance of protons during the storm main
phase is a convection drift e�ect from a plasma sheet
source region: The fact that the ionospheric heavy ions
show this same e�ect and have such similar dynamics
points strongly to the same immediate source for these
ions, the plasma sheet.

While the direct access of these ionospheric ions into
the ring current seems to be from the plasma sheet,
there is no doubt that the origin of these ions is the
ionosphere. There must therefore be a preceeding mech-
anism which transports these ions out of the polar iono-
sphere downtail along open �eld lines, from where they
convect down into the plasma sheet and from there un-
dergo the same plasma sheet dynamics as those of any
other ion. The data from CRRES do not have the time
resolution or the spatial coverage to examine this pro-
cess.

There has been much discussion on the role of direct
access of ionospheric ions from the auroral zone, being
accelerated along �eld-aligned potentials and then scat-
tered at the inner edge of the plasma sheet near L = 7.
As these ions from these origins appear together with
the ions from the plasmaspheric regions, it is normally
impossible to distinguish the two mechanisms.

During the dawn storm in Plate 1 we see a small ux
increase in O+ (Plot 4 and 5), He++ (plot 6 and 7), and
H+ (plot 10 and 11) during the main phase. The main
phase is covered by two CRRES half orbits, and the ob-
served slight ux increase seems to move inward from
one half orbit to the next. This movement is well cor-
related with a dawn-dusk electric �eld that penetrates
progressively earthward during this time (plot 3). Given
that the main body of freshly injected ions arrives at
dawn only during the recovery phase (see section 4 for
details), where does this population come from? The
timing and position of the �rst sign of this slight en-
hancement (dotted line in Plate 1) are consistent with
an auroral acceleration source, but the energy of the
ions is well beyond that which can be produced by �eld-
aligned potentials in the auroral zone. We suggest that
the source of this population is the previously trapped
ions below L = 7 that remain trapped even under dis-
turbed conditions (inside the red dotted line in Plate 5),
which are convected deep into the inner magnetosphere
by the large convection �eld exisiting during onset. It is

only at dawn that this separate process becomes observ-
able during the main phase, since access of new plasma
sheet ions is restricted at dawn.

The He++ ions are coming from the solar wind and
may have direct access into the magnetosphere during
the main phase of the storm. Their intensity is directly
related to the composition of the solar wind driver and
can vary greatly from storm to storm.

He+ is a charge exchange product of He++ and
reaches its strongest intensity a few days later. He+

does also have an ionospheric source, as its main dy-
namics are similar to those of the other ionospheric ion
species. Namely, the peak of the He+ is near the peak
of the other ion species, which is � 1 RE farther inward
compared to He++. We suggest that He+ comes pri-
marily from an ionospheric source via normal plasma
sheet dynamics and is later increased further by addi-
tion of the charge exchange products from He++, which
explains the delayed peak intensity in the storm recov-
ery phase.

We have thus shown that the ionospheric contribu-
tion to the storms occurs mainly by way of the plasma
sheet and that direct injection from the ionosphere to
the ring current does not play a role at the energies ob-
served here. There is a small contribution of previously
trapped ions to ring current regions which is minor.

Cold ionospheric ions are drawn out at high latitudes
and enter the plasma sheet downtail owing to the dawn-
dusk electric �eld on open �eld lines (polar cap poten-
tial). Subsequently the ions are energized and convected
toward the Earth together with the existing plasma
sheet population. Baker et al. [1996] showed that for
realistically large convection electric �elds one can ex-
pect most ionospheric ions to drift into the plasma sheet
relatively close to the Earth, on the timescale of hours.
A quantitative question remains: Is the existing reser-
voir of ionospheric ions in the plasma sheet suÆcient
to provide the source of the storm-injected ring current
ions, or is a much enhanced ionospheric outow required
during storm onset to create a suÆciently large source?
These questions are beyond the scope of this paper.

6. Summary

The investigations of the particle and �eld measure-
ments during these three storms have lead to the fol-
lowing results:
1. The plasma sheet has been identi�ed as the source
of the ring current ions.
2. During the main phase, plasma sheet ions have ac-
cess to all MLTs except to dawn for ions >30 keV.
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3. A partial ring current exists at higher energies during
storm onset, this leads to an asymmetric ring current
during this phase.
4. With the beginning of the recovery phase the main
body of the ring current is on closed drift paths, and
symmetry is restored.
5. For the ring current energies observed here there is
no direct ionospheric access to the ring current (�> 30
keV).
6. There is some evidence for an inner magnetospheric
ion source in the form of the previously trapped pop-
ulation, which is minor compared to newly convected
ions from the plasma sheet, this minor contribution is
only observable at dawn during storm onset.

In contrast to the common view, plasma sheet ions
in the energy range from 5 to 28 keV contribute signif-
icantly in the energy density of the ring current during
the storm main phase. They are convected into the in-
ner magnetosphere owing to the strong cross-tail elec-
tric �elds and are the main current carriers during this
stage a�ecting Dst. During the main phase the Dst is
dominated by these energies, which are still on open
drift paths which are highly unsymmetric.

In the recovery phase the prime contribution to the
ring current is now on closed, symmetric drift paths,
and the asymmetric portion of the convection pattern
has moved to higher L and thus plays a minor role. The
ground-based observations of Grafe [1999] which point
to a persistent, quiet time, small asymmetry of the ring
current are consistent with this interpretation.

In the debate on the signi�cance and origin of other
ion species during storms we have shown that the main
source of ring current heavy ions is the same as that
for protons, and that they follow the same dynamics as
those from the plasma sheet. The unique con�guration
of drift paths and Alfven layers at the dawnside has
allowed us to identify an inner magnetospheric source of
ionospheric ions during the main phase and has shown
that this is a minor contribution only.

CRRES particle and �eld data in a L versus time
format allows tracking of the full storm time dynam-
ics in a consistent way. Magnetic �eld data, observed
at di�erent magnetic local times, show large stretch-
ing of the magnetic �eld lines down to L values below
L = 4. The stretching or attening of the magnetic �eld
is here also observed at dawn and dusk, showing this
to be a truly global e�ect [Korth and Vampola, 1994;
Mouikis et al., 1998]. The BZ component of the mag-
netic �eld minus the Olson-P�tzer model is depressed
over the whole measured L range at the beginning of the
main phase. With the beginning of the storm recovery

phase a well-developed ring current (dark blue line at
L values between 3 and 5) is observed. The location
of this depression correlates well with the ring current
ions.

An enhanced dawn-dusk convection electric �eld is
observed during the main phase of the storm and van-
ishes during the recovery of the storm. The penetration
depth of the convection electric �eld to low L values de-
pends on the size of the magnetic storm and is directly
related to the access depth of plasma sheet particles
during the main phase. Trapping occurs rapidly when
the �eld vanishes, an e�ect which is very clear in the
data presented here.
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